Abstract. Sex steroid hormone progesterone is known to have profound effects on the growth and differentiation of the normal mammary gland and malignant breast epithelial cells. In vitro progesterone and synthetic progesterone-like compounds (progestins) inhibit breast cancer cell growth. Medroxyprogesterone acetate (MPA) is a synthetic hormone widely used in the adjuvant treatment of advanced breast cancer, hormone replacement therapy and in oral contraceptives. It is a paradoxical hormone, since it inhibits breast cancer cell proliferation, but has also been implicated in increased breast cancer risk. To better understand the molecular mechanism by which cell proliferation and differentiation are regulated by progesterone and MPA in human breast cancer, we utilized cDNA microarray and quantitative real-time RT-PCR methods to identify their target genes. This study describes novel progestin/progesterone target genes in breast cancer cells and, notably, novel target genes that elucidate the underlying molecular mechanism of the dual role progestins play in the breast. A cDNA microarray containing 3000 genes showed notable regulation in 30 and 27 genes by MPA and progesterone, respectively. Only 6 out of the 30 genes regulated by MPA are down-regulated, but no progesterone downregulation was observed. Overlapping in gene regulation by progesterone and MPA occurred, but the majority of genes regulated by these hormones were distinct. Given that progestins both stimulate and inhibit cancer cell growth, we report our findings on novel progestin and progesterone targets, which could explain the paradoxical actions of progestins in the breast.
Introduction
Sex steroid estrogen, progesterone and androgens play a crucial role in the development and differentiation of the normal mammary gland as well as the regulation of breast cancer growth. In the breast cancer cells, progestin has a biphasic action on the cell cycle, since it both stimulates and inhibits breast cancer cell proliferation in vitro (1) (2) (3) . In these cells, progestins initially stimulate G 1 cells to enter the S phase, but the prolonged progestin treatment is marked by the growth inhibition of the cells. In the normal breast progestins stimulate cell proliferation in vivo, while in breast tumors and normal breast cells in culture (4) they can inhibit estrogen-stimulated growth, which is often associated with increased differentiation. Progestins, especially medroxyprogesterone acetate (MPA), are therefore used in the adjuvant treatment of advanced breast cancer, hormone replacement therapy (HRT) and in oral contraceptives (5, 6) .
While the effects of progesterone are mediated by the progesterone receptor (PR) alone, MPA binds to the progesterone, glucocorticoid as well as the androgen receptor (AR) and may exert its antiproliferative effects via different receptors. MPA is a weak AR agonist (7) (8) (9) (10) , but it activates AR by a mechanism different from other agonists (11) . It has been shown that the action of MPA on breast cancer cell proliferation is at least partly due to its intrinsic androgen activity. For example, in an MFM-223 mammary cancer cell line that has high levels of AR, but low levels of PR, its growth is inhibited by DHT or MPA (12) . It has recently been shown that decreased AR levels contribute to the failure of response to MPA in patients with metastatic breast cancer (13) .
Given that the two hormones mediate their effects partly through different mechanisms, we were interested in finding the specific differences in their gene expression profiles. We compared the gene expression profiles of MPA and progesterone by cDNA microarray analysis in the MCF-7 breast cancer cell line. The human breast cancer cell line MCF-7 possesses androgen, estrogen and progesterone receptors, and is growthinhibited by MPA and progesterone, thereby offering a good model to study the specific role of each of these steroids in the control of breast cancer growth. There are many different strains of MCF-7 cells and we have tested our cell line with a ribonuclease protection assay for GR, AR, PR, ER and ER‚ (14) . Although several expression profiles have been published, none describe progesterone-and MPA-regulated genes in the MCF-7 cell line (15) (16) (17) .
Our data demonstrate that progesterone and MPA partially regulate the same set of genes. However, the majority of genes regulated by these hormones are distinct. The expression of 6 selected genes (AQP3, SGK1, ALCAM, FXYD3/MAT-8, MUCIN and c-MYB) was analyzed by the quantitative realtime RT-PCR, which confirmed the cDNA microarray results. Furthermore, we describe some novel progesterone/progestin targets that elucidate the underlying molecular mechanism of the dual role progestins play in the breast.
Materials and methods
Chemicals. Dulbecco's modified Eagle's medium with F12 (DMEM/F12), 17ß-estradiol and medroxyprogesterone acetate were provided by Sigma (St. Louis, MO). Fetal bovine serum (FBS), penicillin-streptomycin and insulin were obtained from Gibco/BRL. Progesterone was purchased from Merck (Darmstadt, Germany).
Cell culture and cell growth assay. MCF-7 cells were cultured in Dulbecco's modified Eagle's medium with F12 (DMEM/F12) supplemented with 5% FBS, penicillin-streptomycin and 10 ng/ml insulin. Prior to the experimental studies the cells were cultivated at 2-3 passages in phenol red-free DMEM/F12 supplemented with 5% dextran-coated, charcoalstripped treated fetal bovine serum, penicillin-streptomycin, 10 ng/ml insulin and 1 nM 17ß-estradiol. The cells were then plated in triplicate in 96-well plates at a density of 3x10 3 cells per well in the experimental medium. The cells were allowed to attach overnight and the medium was replaced. After 24 h, appropriate steroid hormones in 100% ethanol were added. Cells were fixed and the number of cells was measured every 24 h after hormone addition. Briefly, the cells were directly fixed in 96-well plates with 11% glutaraldehyde by shaking at 500 rpm for 15 min, then washed and air-dried. Crystal violet solution (0.1%) was added to stain the fixed cells by shaking for 20 min. Excess dyes were washed away with deionized water and the plates were air-dried before the addition of 10% acetic acid to extract the cell-bound dyes (18) . The optical density of the dye extracts in the plates was measured at a wavelength of 590 nm using a Victor 1420 multilabel counter (Wallac).
RNA isolation and cDNA microarray hybridization. After treatment for 48 h with, MPA, progesterone or vehicle, the cells were harvested from 150 cm 2 plates and total RNA was extracted using a TRIzol reagent (Life Technologies, Grand Island, NY) according to the manufacturer's protocol. A cDNA microarray was performed according to the manufacturer's instructions. In brief, 20 μg of RNA sample from MPA-, progesterone-and vehicle-treated cells was labelled with Cy™5-dUTP (25 nM) by reverse transcription under an oligo(dT) (12) (13) (14) (15) (16) (17) (18) primer direction. Concomitantly, an equal amount of RNA sample from the untreated cells was labelled with Cy™3-dUTP (25 nM) as a control. The RNA labelling reactions were performed at 42˚C for 80 min. After the labelling reaction, RNA was removed from synthesized cDNA by the addition of NaOH solution (1 M) followed by neutralisation with Tris-HCl (1 M, pH 7.5). Cy3-and Cy5-cDNA were combined together in microcon column (Millipore Corporation, Bedford, USA) and washed four times in TE buffer (pH 7.4) by centrifugation. In the final washing step, COT-1 DNA, polyA and yeast tRNA were added to the washing buffer and centrifuged to make the final volume of the labelled cDNA mixture <10 μl. For hybridization, a Human2-1 Glass chip containing 3000 cDNA probes (Turku Centre for Biotechnology, Turku, Finland) was pre-treated by succinic anhydride. The labelled cDNA mixture was hybridized with the chip in a humid chamber at 65˚C overnight. After hybridization, the chip was washed four times by shaking and dried by centrifugation. The fluorescence intensities of Cy3 and 5 were measured using a ScanArray 4000 laser confocal scanner (GSI Lumonics, Billerica, MA), the hybridization images were analyzed using QuantArray microarray analysis software v3.0 (Packard BioScience) and the data were finally normalized to median by using Excel date normalization macro.
Quantitative real-time RT-PCR analysis. Reverse transcription (RT) and real-time PCR were performed separately. The total RNA from each sample was reverse-transcribed using a high capacity cDNA archive kit (Applied Biosystems, USA) and PCR reactions were performed in MicroAmp optical 96-well reaction plates using a SYBR-Green PCR master mix kit (Applied Biosystems) following the manufacturer's instructions. Briefly, for reverse transcription, 5 μg of RNA dissolved in 50 μl PCR-compatible buffer was mixed with 50 μl of 2x RT master mix [10 μl of 10x reverse transcription buffer, 4 μl of 25x dNTPs, 10 μl of 10x random primers, 5 μl of multiscribe reverse transcriptase (50 U/μl) and 21 μl of nuclease-free H 2 O], RT was performed at 25˚C for 10 min followed by 37˚C for 2 h in the programmable thermal controller (MJ Research, Inc., Watertown, USA). For real-time PCR, 30 ng of cDNA was combined with the primers and 2x SYBR-Green PCR master mix to the final volume of 30 μl per reaction. Real-time PCR was performed at 95˚C for 10 min followed by 40 cycles at 95˚C for 15 sec and 60˚C for 1 min on an ABI PRISM 7000 Detection System (Applied Biosystems). The PCR product was examined by dissociation curve analysis to verify the specific products.
The data were analyzed with ABI PRISM 7000 SDS software and normalized to the human acidic ribosomal phosphoprotein P0 (RPLP0) as the endogenous control to verify uniform RNA loading in the experiments. The final results were expressed as the N-fold difference in the gene expression between the treated and control sample as described (19) . The values used for calculating the formula were obtained from the corresponding standard curve. The standard curves of the endogenous controls and target genes were made by a series of dilutions of the treated samples.
All primers used were designed by using Primer Express v2.0 software (Applied Biosystems). To avoid the amplification of any genomic DNA, the forward and reverse primers for each gene were chosen from different exons. BLASTN searches were performed to confirm the specificity of the primer sequences. The primers for selected genes are listed in Table I . 
The cDNA chip contained each gene in triplicate. Results are the average fold changes of triplicates in two independent experiments. The genes are listed in descending order.
- Table I . Genes and their primer sequences used in the real-time RT-PCR.
The forward and reverse primers for each gene were chosen from different exons. BLASTN searches were performed to confirm the specificity of the primer sequences.
-
Results

Growth inhibition of MCF-7 cells by MPA and progesterone.
The growth of MCF-7 cells was inhibited by 10 nM MPA and progesterone. MCF-7 cells were treated with 10 nM MPA, 10 nM progesterone or vehicle in the presence of 1 nM estradiol. The growth-inhibitory effect by MPA and progesterone after 6 days was 20 and 10% respectively (20, 21) .
Identification of MPA and progesterone-regulated genes (cDNA microarray hybridization).
To examine the molecular mechanism of the synthetic progestin MPA and progesterone, we compared the gene expression profiles of the MPA and progesterone by cDNA microarray analysis in the MCF-7 breast cancer cell line. Total RNA was isolated from the cells cultured in the presence of 1 nM estrogen treated with vehicle, progesterone (10 nM) and MPA (10 nM) for 48 h.
Tables II and III list genes that were regulated at least 2-fold by MPA and progesterone, respectively. The cDNA chip used in this study contained each gene in triplicate. Fold changes are the average of the triplicates in two independent experiments. Of the 30 genes regulated by MPA only 6 were downregulated. Progesterone up-regulated 27 genes 7 (E74-like factor 3/elf3, carbonic anhydrase II, ALCAM, cathepsin D, S100P, Dlg5 and FXYD3/MAT-8) of which were also regulated by MPA. As expected, progesterone was a less potent regulator than MPA. Several genes found in this study have previously been reported to be progesterone-or progestinregulated, confirming the reliability of our data. The genes are: S100P, Dlg5, tumor protein D52, cathepsin D, neuropeptide Y receptor Y1 and carbonic anhydrase II (16, 17, 21) . Many, however, were not known to be progestin-responsive and therefore represent novel progestin targets.
Quantitative real-time RT-PCR analysis.
To validate the expression results of the cDNA microarray hybridization, the quantitative real-time RT-PCR analyses were utilized. The selected genes and their primer sequences (6 genes for MPA and progesterone) are listed in Table I . The selected genes were confirmed to be regulated either by MPA and progesterone, or progesterone alone as suggested by cDNA microarray analysis (Figs. 1, 2 
and 3). FXYD3/MAT-8, AQP3, MUCIN
and SGK1 are all up-regulated by MPA and to a lesser extent by progesterone (Fig. 1A-D) . Of the 6 genes tested, SGK1 shows the most remarkable regulation under MPA treatment (~24-fold). The stimulation by progesterone is less pronounced, but notable (~5-fold). MUCIN and FXYD3/MAT-8 are also strongly stimulated by MPA (~13.5 -and ~9.5-fold), but progesterone stimulation is much weaker. c-MYB is down-regulated by the two hormones (~-3.5-fold by MPA and ~-2.3-fold by progesterone) (Fig. 2) . ALCAM is specifically up-regulated by progesterone (Fig. 3) .
Discussion
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proliferation, we used cDNA microarray to detect the MPAand progesterone-induced alterations of the gene expression in MCF-7 cells. The cDNA microarray of 3000 genes (each in triplicate) showed notable regulation in 30 and 27 genes by MPA and progesterone, respectively. Only 6 out of the 30 genes regulated by MPA are down-regulated and no progesterone down-regulation was observed.
To validate the microarray results, genes from each category were chosen for further analysis: four MPA upregulated, one MPA down-regulated and one progesterone up-regulated. The regulation of FXYD3/MAT-8, AQP3, MUCIN, SGK1, c-MYB and ALCAM were individually tested by quantitative real-time RT-PCR. These genes were selected because of their obvious or possible relevance to breast cancer or to known pathways which may explain the dual role of progestins. FXYD3/MAT-8, AQP3, MUCIN and SGK1 are all induced in response to the treatment of cells with MPA and to a lesser extent by progesterone, while c-MYB is downregulated by the two hormones and ALCAM is up-regulated only by progesterone. All the selected genes from the MPA category were tested by quantitative real-time RT-PCR for progesterone and MPA regulation, although the initial expression profiling with microarray suggested the genes be regulated only by MPA. Based on the quantitative RT-PCR results, all of the selected genes were found to be regulated not only by MPA but also by progesterone. This is not unexpected, since quantitative RT-PCR is a more accurate method of identifying quantitative differences in the gene expression than microarray profiling, especially when the genes have low expression levels. A recent study showed that quantitative RT-PCR often fails to validate differences in gene expression observed by gene expression profiling (15) .
MPA up-regulated genes. The first gene tested, FXYD3/MAT-8, is a mammary tumor 8 kDa transmembrane protein, that is expressed in primary human breast tumors and in human breast tumor cell lines and serve as a Na,K-ATPase regulator (22, 23) . Mat-8 is a marker of a specific cell type preferentially transformed by the action of Neu and Ras, but not Myc oncoproteins during murine mammary carcinogenesis (24) . It is up-regulated in prostate cancer and its siRNA-mediated inhibition of the expression decreases the proliferation of human prostate carcinoma cells (25) . FXYD3/MAT-8 is therefore an example of the genes that are induced by progestins and are potentially proliferation-related. FXYD3/ MAT-8 up-regulation (along with MUC1, see below) could point to the proliferative facet of the dual role progestins play in the breast.
The second gene analyzed, the epithelial cancer-associated antigen MUCIN 1 (muc1/cd227), is a membrane-associated glycoprotein expressed by many types of ductal epithelia, is expressed in a wide variety of tumors and is considered to function as an anti-adhesion molecule which inhibits cell-tocell interactions (26) (27) (28) . Several studies have demonstrated the regulation of MUC1 expression by steroid hormones, including estrogens, glucocorticoids and androgens (29, 30) . Although MUC1 is known to be progesterone-regulated (stimulated or repressed) in some organ systems, only one report exists suggesting that the expression of cellular and secreted MUC1 is stimulated by progesterone in the breast cancer cell line (31) (32) (33) . To our knowledge, however, the effect of progestins in MUC1 mRNA expression has yet to be demonstrated.
Our finding that the MUC1 mRNA level is elevated as late as 48 h after progestin treatment may partly explain the harmful actions of progestins in the breast. Considering the role of MUC1 as an anti-adhesive molecule, its up-regulation by progesterone in breast cancers may enhance cell proliferation and/or metastatic spread. Our finding is supported by the fact that MUC1 is overexpressed in breast cancer (34, 35) .
The third gene tested, a serum and glucocorticoidinducible serine/threonine protein kinase (SGK1), was originally identified as an immediate early gene induced by glucocorticoids (36) . Emerging evidence thereafter has established SGK1 as a vital regulatory molecule in coordinating extracellular signals (steroid hormones, protein growth factors and other environmental cues) and intracellular processes in controlling cell proliferation and survival. An original study by Webster et al reports on the SGK1 induction by glucocorticoids and serum, but not by progesterone in Con 8 rat mammary tumor cells (36) . We showed herein that in human MCF-7 mammary tumor cells, SGK1 is markedly induced by MPA and progesterone (Fig. 1D) . This is expected, since glucocorticoid and progesterone response elements are identical and progestins are supposed to regulate SGK1 expression via PR. MPA can also act via the glucocorticoid receptor. The function of SGK1 is poorly understood, but it is now recognized that SGK1 has a very important role in crosstalk that can couple anti-proliferative and proliferative cell signalling pathways (37) . SGK1 is transcriptionally regulated in rat mammary tumor cells by serum under proliferative conditions or by glucocorticoids that induce a G 1 cell cycle arrest (38) and SGK1 actively shuttles between the nucleus (in S and G2/M) and the cytoplasm (in G1) in synchrony with the cell cycle (37) . Therefore, it has been proposed that SGK1 could maintain the cells in a growth-suppressed state while localized to the cytoplasm and facilitate proliferation as a result of its nuclear-cytoplasmic shuttling during the cell cycle in mammary tumor cells (37, 39) . The mechanism whereby progestins affect cell growth through SGK1 calls for further investigation. Whether the progestins cause SGK1 localization to the cytoplasm or nucleus can be an important determinant as to which of the pathways (stimulatory or inhibitory) is activated. This finding clarifies the capacity progestins have in breast either to increase or decrease growth depending on the cell context and other milieu.
MPA down-regulated genes. Six MPA down-regulated genes were identified in this study: thrombospondin 1 (THBS1), integrin α-2 (ITGα2), vascular endothelial growth factor receptor 2, (VEGFR2/KDR), integrin ß-5 (ITGß5), neuropeptide Y receptor Y1 (NPY1-R) and MYB proto-oncogene (c-MYB). Of these, neuropeptide Y receptor Y1 and c-MYB are known progestin targets (17) and thrombospondin 1 is overexpressed in breast carcinomas (40) .
c-MYB is clearly down-regulated by MPA and progesterone (Fig. 2) , and is an interesting progestin target. The myb gene family consists of three members: A, B and c-MYB, which encode nuclear proteins that function as transcriptional trans-activators. The human c-MYB proto-oncogene is the cellular progenitor of the viral v-MYB oncogene. The expression of c-MYB correlates with proliferation and decreases during differentiation. Several studies have shown that c-MYB downregulation is needed for terminal differentiation, constitutive c-MYB expression blocks differentiation and antisense oligonucleotides targeting c-MYB block the proliferation of human hematopoietic cells (2, (41) (42) (43) . MYB oncogene amplification has been observed in hereditary BRCA1 breast cancer (44) and there is a strong association between c-MYB and estrogen receptor expression in breast cancer (45) . Notably, c-MYB is also induced in response to estrogen treatment in the MCF-7 cells (46) . As estrogens are strong proliferation stimulants, it appears that opposing the estrogen induced effect in c-MYB expression, progestins could potentiate differentiation and decrease the proliferation of breast cancer cells.
Progesterone-regulated genes. Progesterone up-regulated 27 genes by >2-fold, but no down-regulation was observed, as assessed by cDNA microarray analysis. In general, there is overlapping in gene regulation by progesterone and MPA, but the majority of genes regulated by these hormones are distinct. For those genes that are regulated by the two hormones, progesterone regulation is less pronounced.
We selected one progesterone-regulated gene for further analysis. The activated-leukocyte cell-adhesion molecule (ALCAM) is a glycoprotein of the immunoglobulin superfamily. ALCAM is involved with cellular adhesion, proliferation and tumor progression, and is specifically induced by progesterone, but not MPA, as verified by quantitative RT-PCR (Fig. 3) . Studies have shown that ALCAM decreases the proliferation and adhesion of breast cancer cells to each other and this reduced expression indicates a more aggressive phenotype and poor prognosis (47) . Its upregulation by progesterone is consistent with the antiproliferative effects of progesterone in vitro.
Multifaceted gene regulation by progestins. Certain conclusions can be drawn at this stage. A vast majority of MPA and/or progesterone target genes found in this study are up-regulated. This phenomenon has also been observed in previous studies (16, 17, 48) . It has been proposed that genes which are up-regulated show larger differences in the expression level upon progestin treatment and are therefore identified more easily (48) . While this may be partially true, it appears however, that down-regulated genes are uncommon. Relatively few progesterone down-regulated genes have been identified thus far. In studies by Richer et al only 12 such genes were identified using chips consisting of 5,600 fulllength human genes (16) . Using the same chip, Wan and Nordeen identified 34 down-regulated genes, when using the more potent PR agonist, the synthetic progestin R5020 (17) . Our data are therefore consistent with previously published data. Using the chip containing 3000 cDNA probes, we found 6 MPA down-regulated genes, but no progesterone-induced gene down-regulation was observed.
Previous studies have shown that at early time points (2 and 6 h), progestins induce certain genes associated with cell cycle progression and/or down-regulate growth-suppressive genes (16, 49) . Based on what we know about the biphasic role of progestins, that is to be expected since during the first 24 h progestins stimulate cell growth. Of particular note, therefore, is our finding that certain genes that can potentially exacerbate harmful effects of progestins, are still up-regulated after 48 h. Evidence indicates that under differing conditions, the balance between growth promoting and inhibiting factors, determine whether a stimulatory or inhibitory pathway will predominate.
Our results also show that all those MPA-regulated genes whose expression was verified by quantitative real-time RT-PCR, are also progesterone-regulated, but to a lesser extent. This was to be expected, since MPA is a more potent progestin and quantitative RT-PCR is a more accurate method of detecting the expression differences. It is not known, however, whether this is true for all MPA-regulated genes. The study by Bray et al suggests that differentially regulated genes by different progestins through PR are rare at least in the T47DCo cell line (15) .
In summary, we have identified several novel progestin (MPA) and progesterone target genes in the MCF-7 breast cancer cell line. The majority of progestin-regulated genes are up-regulated. Of particular note for this study is that certain up-regulated genes are growth-associated, which may explain the harmful effects progestins elicit in the breast. Our data therefore point to the capacity progestins possess at a transcriptional level either to stimulate or inhibit cell growth. It is probably the balance between growth promoting and inhibiting factors that determine whether proliferative or antiproliferative effects take place.
